Abstract This paper presents new carbon, nitrogen and sulphur isotope data for European fallow deer (Dama dama dama) in Roman Britain and discusses results in light of evidence from classical texts, landscape archaeology, zooarchaeology and the limited available samples of metric data. The new isotope data presented here are from Fishbourne Roman Palace (Sussex), two sites on the Isle of Thanet (Kent) and a further two sites in London. In spite of small sample sizes the data make an important contribution to the very limited corpus of scientific research on the species and provide new resolution to the nature of fallow deer movement and management in Roman Britain.
Introduction
Until recently, the European fallow deer (Dama dama dama) had been subject to little archaeological research and consequently the timing and character of this species' diffusion from its Last Glacial Maximum refugium in Turkey remained poorly understood. The last decade has seen a steady increase in research dedicated to fallow deer (e.g. Davies and MacKinnon 2009; Langbein and Chapman 2003; Massetti 2002; Masseti et al. 2006; Sykes 2004 Sykes , 2007 Sykes , 2010 ; Sykes et al. 2006; Sykes 2010; Sykes et al. 2011a, b; Sykes and Carden 2011 ) and this paper is the first from a new research project that aims to increase knowledge of the species' natural and cultural history.
Reconstructing the biogeography and management of fallow deer in Britain has proved difficult, complicated by problems of misidentification and inadequate dating (see Sykes 2004 Sykes , 2010 . The introduction of fallow deer has been attributed to the Romans (Lever 1977; Millais 1906; Whitehead 1972 ) but more recently the Normans have become a more popular candidate for their importation (e.g. Langbein and Chapman 2003; Sykes 2004; Yalden 1999) . In recent years, however, the case for a Roman introduction has been resuscitated following new finds of Dama remains on an increasing number of Romano-British sites. The majority come from sites located in southern England (see Sykes et al. 2006 ) but examples have been reported as far north as Binchester, County Durham, in the north east (Petts pers. comm.) .
Whilst these finds would appear to confirm the presence of fallow deer in Roman England, they cannot be accepted uncritically: in antiquity there was a lively trade in fallow deer antlers and metapodia, and the representation of these skeletal elements need not be seen as evidence for established breeding populations (Sykes 2010) . Interestingly it is precisely these elements-shed antlers and foot bones-that make up the bulk of specimens reported for Romano-British sites. For instance, shed antlers are present, with no other associated fallow deer bones at St. Albans in Hertfordshire, Scole Dickleburgh in Norfolk, and Dorchester-on-Thames in Oxfordshire (see references in Sykes et al. 2011a ). The reason for this trade could be for craft working (Sykes 2004) but Roman texts intimate that elements were more probably traded for their medicinal properties: according to Pliny the Elder's Natural History, powdered deer antlers could be used to cure a range of disorders, from tooth ache to epilepsy (see book XXVII, trans. Jones 1963) .
For the whole of Roman Britain, only two sites have produced securely dated assemblages with more than five fallow deer specimens and a balanced pattern of skeletal element representation: Monkton on the Isle of Thanet in Kent (n=9) and Fishbourne in Sussex (n=38). In relation to Fishbourne, Sykes et al.'s (2006) integrated programme of AMS dating and strontium isotope analysis identified early introductions to the site, with mandibles dated to 60 AD±40 and 90 AD±40. The Sr isotope results provided convincing evidence that the earlier of the two mandibles was from a first generation introduction: the Sr ratio for the first molar demonstrated an allochthonous origin during early development, whereas the signature from the third molar indicated that the same individual was likely to have been in the Fishbourne area during sub-adulthood.
The integration of different analytical approaches was also undertaken for the Monkton material, with a combination of osteometrics, aDNA, AMS radiocarbon dating and stable isotope (δ 13 C and δ 15 N) analyses employed (Sykes et al. 2011a) . Although interpretations were hindered by a lack of comparative data, radiocarbon results indicated that the Monkton deer are later than those from Fishbourne (second and third century AD). Osteometric analyses, which demonstrated that the Monkton deer were rather small in size, suggest that they most probably derived from translocated populations, rather than Anatolia or Greece where body size is larger (Sykes et al. 2011a) . Genetic data appeared to confirm this suggestion, the aDNA data mapping more closely with modern Italian deer than Anatolian populations (Sykes et al. 2011a) .
Together, the Fishbourne and Monkton assemblages provide strong evidence that fallow deer were, indeed, first introduced to England during the Roman period. Despite this advance, the mechanisms by which this exotic species was managed and moved in life and death remain poorly understood. As part of a broader project that aims to integrate archaeology, history, geography and anthropology with genetics, stable isotope analysis and osteological research to examine the circumstances and cultural significance of fallow deer diffusion across Europe, this paper presents preliminary stable isotope data (δ 13 C, δ 15 N and δ 34 S) that sheds some light on aspects of the management of this under-researched species. This study examines the potential of stable isotope data to provide evidence for early breeding populations, the large-scale movement of live animals and the trade of elements such as antler.
Most of the data presented here relate to the more numerous samples of fallow deer from Fishbourne and Monkton. In addition, small samples of data are presented from two newly excavated sites close to Monkton on the Isle of Thanet-the East Kent Access Road (n=2) and Tothill Street, Minster (n=3)-and two specimens from Roman London (London Bridge, n=1; Arcadia Buildings, n=1): See Fig. 1 for locations. Summary statistics for two sets of results from a growing dataset of international samples are also presented. These results, from Anatolia and Mallorca, provide important background information on which more cogent interpretations can be built and explored in future publications. Where possible, the British results are tentatively integrated with other sources of evidence to further advance our understanding of the species in Roman England until further data is available for more robust interpretation.
Materials and methods

Samples
Due to the scarcity of Romano-British fallow deer bones, an inclusive sampling strategy was employed. All D. dama dama specimens that could be confidently identified as Roman (based on stratigraphy or associated material) were sampled, except for those of a pre-weaned age, as such individuals effectively feed at a higher trophic level. Age determination was based on epiphyseal fusion; dental attrition and cortical development and only samples that were judged to be from individuals of at least sub-adult age were selected (Carden and Hayden 2006) . Samples include bone, dentine and antler and therefore range from tissues with a rapid turnover rate to those which do not remodel after development. The small number of available samples meant that no attempts could be made to select repeat zones of the same sided element, as has been employed in some studies (e.g. Madgwick et al. 2012) . Therefore it is possible that some samples may derive from the same individual.
The sites
Sites for which new carbon and nitrogen isotope data are presented are briefly described below. As data from Monkton has been published elsewhere (Sykes et al. 2011a ) the site is not described here.
Fishbourne, Sussex
Fishbourne Palace was a high-status Romano-British residence and has been subject to two major excavation campaigns (Cunliffe 1971a (Cunliffe , 1971b Manley and Rudkin 2005) . The palace was built in the first century AD and was subsequently redeveloped in the 2nd and 3rd centuries (Cunliffe 1998) , after which it was abandoned. Excavations yielded a large faunal assemblage dominated by domestic taxa (Grant 1971) , with fallow deer identified during reanalysis. Isotope data are presented for 34 specimens, as 4 additional samples failed to yield sufficiently preserved collagen (see DeNiro 1985) . The analysis of δ 13 C and δ 15 N isotopes in bone collagen represents an established method for reconstructing the diet of humans and animals in the past. The underlying principles of this approach have been explained in detail elsewhere (see Ambrose 1993 Ambrose , 2000 Katzenberg 2000; LeeThorp 2008; Sealy 2001) and are therefore only briefly recounted here. At the most basic level, δ 13 C and δ 15 N isotope ratios reflect a long-term average of the plant carbohydrates and proteins consumed by herbivores. In temperate environments such as Northern Europe, marine resource exploitation is evidenced by high δ 13 C values (e.g. Barrett et al. 2001) ; although in more arid climates this can also result from the consumption of C 4 photosynthesising plants (Vogel and Van der Merwe 1977) . The δ 15 N values reflect the proportional contribution of plant and animal dietary protein, with elevated values providing evidence for individuals that feed at a higher trophic level (Ambrose and Norr 1993; Schoeninger et al. 1983 ). This is a gross oversimplification of the broad range of factors that can cause variation in δ 13 C and δ 15 N signatures. Although diet is generally considered to have the greatest impact on variability, some of the other wide-ranging variables that affect isotope ratios are discussed below in the context of the new results presented here.
In a number of cases, it was possible for us to combine our carbon and nitrogen isotope results with those from sulphur (δ 34 S) isotope analysis, the latter undertaken to examine the possibility of marine influences on the diet of some of the animals presented in this study (Craig et al. 2006; Richards et al. 2001 Richards et al. , 2003 . Marine water has a δ 34 S value of 20.3‰ (Rees et al. 1978; Richards et al. 2001 ) and coastal regions, due to the effects of sea spray and marine inundation, may have elevated δ 34 S soil values, although this trend can be affected by local geological, meteorological and agronomic variables. Animals feeding in areas affected by sea spray can have higher δ 34 S values than those sourcing their diets from further inland. For example, island herbivores typically have δ 34 S values between +12‰ and + 17‰ (e.g. Nehlich et al. 2012 ) and bone collagen δ 34 S values above 14‰ have been linked to the sea spray effect (Leach et al. 1996; Richards et al. 2001) .
The collagen-extraction protocol followed a modified version of the Longin method (Brown et al. 1988) . A fragment of bone weighing between 0.5 and 1.0 g was sampled from each specimen using a drill with a diamond wheel attachment. The outer cortex of the bone was abraded to remove any adhering contaminants. Each sample was then placed in polypropylene test tubes and demineralised in 10 ml of 0.5 M HCl at 4°C. The HCl was changed approximately every 2 days until demineralisation was complete. Demineralised specimens were thoroughly rinsed in deionised water and then gelatinized in a pH3 solution of HCl at 70°C for 48 h. The supernate containing the soluble collagen was collected using an ezee-filter before freeze-drying. Collagen (0.6 mg) from each sample was weighed into 3.5× 5 mm tin capsules in duplicate. In addition to the archaeological samples, a modern cattle sample from an individual of known isotope composition was subject to the same extraction process and subsequent analysis in order to identify any procedural problems.
Isotope ratios of carbon, nitrogen and sulphur were measured by continuous flow-elemental analysis-isotope ratio mass spectrometry (CF-EA-IRMS) at the NERC Isotope Geosciences Laboratory facility at Keyworth in Nottinghamshire. The instrumentation comprises an elemental analyser (Flash/EA) coupled to a ThermoFinnigan Delta Plus XL isotope ratio mass spectrometer via a ConFlo III interface. Replicate analysis of well-mixed samples indicated a precision of better than ±0.2 % and samples with a C/N ratio of 3.2 (±0.3) were considered to be sufficiently well preserved to yield reliable δ S=± 0.20‰. These isotope ratios were calibrated using an in-house reference material M1360 p (powdered gelatine from British Drug Houses) with known values for C, N and S calibration.
Results
Isotope data for the sites investigated are presented in Tables 1, 2 The two EKAR samples also show substantial variation in carbon values, one plotting well within the range of the Fishbourne samples and the other closer to the Monkton specimens. The three samples from Minster show a high degree of variation, particularly in terms of δ 13 C. Sample KT205 has the second highest δ 13 C value of the entire dataset, whereas KT203 has the second lowest of all samples. The other Minster sample (KT204) plots close to the Fishbourne mean, yet surprisingly given the location, none plot amongst the Monkton samples.
The single specimen from Arcadia Buildings, Southwark plots close to the main bulk of Fishbourne samples but the element recovered from nearby London Bridge shows a very different signature, having the lowest δ 13 C and δ 15 N value in the entire dataset.
Of the Monkton specimens five cluster relatively tightly, all within one standard deviation. The other three samples diverge quite widely but defining meaningful outlying individuals is a difficult and imprecise process in such a small dataset. One sample (−20.0‰) has a considerably higher δ 13 C value than all of the British samples so far studied. Unsurprisingly the larger sample set from Fishbourne shows a greater degree of variation. Most of the divergent samples are notable for their δ 13 C, either plotting closer to the Monkton specimens or having particularly low values (<22.5‰), although two have very high δ 15 N values (9.1‰ and 10.1‰) and are of an order relatively rarely observed in terrestrial herbivores from the UK. One antler sample from Fishbourne has very low δ 15 N (3.8‰) and higher δ 13 C than any other sample from the site (−20.9‰; see Table 3 ).
Discussion
This new dataset makes an important contribution to the very limited corpus of isotope data for fallow deer. As the only previously published comparative data for European fallow deer (other than from Monkton which is presented here) are five samples from Turkey (Fuller et al. 2012 , see Fig. 2 ) and four which were analysed as part of 14 C dating programmes (see Sykes et al. 2011a ) interpretation of the results is preliminary and tentative at this stage.
It is clear from the dataset that the UK fallow deer are, in general, markedly removed from both the Turkish and C values exhibiting a negative correlation. However, the relationship between climate and isotope values is complex and wide-ranging variables could be responsible for these patterns.
The general trends in the UK results, in comparison with those from the Mediterranean, suggest that they are broadly indicative of the signature that might be expected for fallow deer living within a northern European environment. The fact that the majority of specimens cluster around the Fishbourne and Monkton deer, samples that we are most confident represent established breeding populations (Sykes et al. 2006; 2011a) strengthens this hypothesis and raises the possibility that C/N isotopes may be useful for differentiating the remains of animals that lived/died in northern Europe from those that represent body parts imported from the Mediterranean.
Samples from the two Turkish sites cluster closely, having combined means of −20.6‰ for δ 13 C (SD=0.5) and 4.2‰ for δ 15 N (SD=0.5). These results, as well as those from Mallorca and elsewhere in Europe, will be explored fully as the current programme of research progresses. They are presented here as preliminary comparative datasets only. One outlying sample from Fishbourne plots close to the mean δ 13 C and δ 15 N of the Turkish samples with higher δ 13 C (−20.9‰) and considerably lower δ 15 N (3.8‰) than all but one other sample. It is not particularly rare for British herbivores to exhibit such low δ 15 N values and some studies have provided results of 2‰ or less for cattle, horses and roe deer (e.g. Stevens et al. 2010 ). However, the combination of low δ 15 N values with comparatively high δ 13 C is rare for British cervids. Although samples for our study are small, results from the other British fallow deer suggest that baseline plant values are unlikely to generate such low δ 15 N ratios and for this divergent value to be acquired from a British site, the individual is unlikely to have been alive and feeding in Britain for any length of time. Given that fallow deer are not native to northern Europe it is entirely feasible that this individual was raised in a different environment, such as the eastern Mediterranean, where a combination of environmental factors is more likely to give rise to such isotope values.
This particular Fishbourne outlier is also interesting as it is one of six antler fragments recovered from the site and derived from a post-hole, a deposit that the excavators deemed to be votive (Sykes pers. comm.) . Outlying isotope values from antler samples must, however, be treated with caution, as it is a faster developing tissue than bone, meaning that results from the two materials are not directly comparable. During antler development considerable stress is placed on the deer's mineral reserves and 'cyclic reversible osteoporosis' occurs, particularly on non-weight bearing bones (Bubenik 1983) . This means that the body draws on its mineral reserves to grow antler, a process of cycling that could potentially cause further fractionation. However, this is considered unlikely to be the cause of the outlying data presented here. If further fractionation had occurred, δ 15 N values would be higher, whereas the antlers with outlying values from both Minster and Fishbourne have very low δ 15 N values (4.3‰ and 3.8‰ respectively). In fact the mean δ 15 N value for antler is lower than in postcrania across the whole dataset (Table 2 ). Overall inter-element variation is not substantial and other explanations for outlying values must be explored, such as the possibility that the elements were traded from elsewhere.
Carbon and nitrogen isotope analysis represents a poor tool for reconstructing provenance but in this instance it is at least worthy of consideration. Given the evidence for the Roman trade in fallow deer body parts and the significance of antler in particular, it seems possible that this specimen represents a shed antler imported from a region with a warmer climate, the eastern Mediterranean providing a possible candidate. Forthcoming oxygen isotope results have the potential to clarify this possibility. With clear evidence of a breeding population locally, it is interesting that antler might be imported from afar to these sites. As yet these specimens have not been 14 C dated and acquiring more precise dates is key to the interpretation of these samples. It is possible that the traded antler could predate the first imported generations, as described in Sykes et al. (2006) for Fishbourne. If this proves not to be the case, there are a number of reasons why the curation or acquisition, at some distance, of an otherwise easily sourced resource may be seen as important. Forthcoming research on modern antler from individuals of known life history will test the comparability of antler and postcranial samples from the same animal, and seek to clarify these questions.
The two samples from the East Kent Access Road have very limited interpretative potential as only three specimens have been recorded from zone 20 of the road scheme. It is perhaps noteworthy that one plots amongst the Fishbourne specimens and the other with the Monkton deer-both assumed to be breeding populations. Given the proximity of Monkton, where evidence for a breeding population is considerably stronger (Sykes et al. 2011a ) than at the East Kent Access Road site, it is reasonable to assume that these individuals did live on the Isle of Thanet and therefore are a useful extension to the Monkton dataset. On the other hand, three specimens from nearby Minster produced signatures that diverge substantially from those at Monkton. If it is assumed that the sample from Monkton represents locally raised individuals, then it is tempting to suggest that two of the fragments from Minster are not from the area, or at least were not managed as part of the same herd. One sample plots close to the Fishbourne mean, while another, an antler, has relatively low δ 15 N value and a very low δ 13 C value. This antler differs markedly from all other Kent samples and given the strong evidence for antler trade and the possibility that this is evidenced at Fishbourne, it can again be tentatively suggested that this element may have been brought to the area from elsewhere in the UK or beyond. The extremely low δ 15 N value for the London Bridge specimen is also noteworthy. However, due to a lack of comparative data, at present this individual can only be highlighted as an interesting outlier and the aetiology of this value is unknown.
There are a number of examples of samples with high δ 15 N values in this dataset. Three samples from Fishbourne stand out with values of 8.2‰ (metacarpal), 9.1‰ (metacarpal) and 10.1‰ (radius) and one from Monkton at 8.5‰ (radius) is similarly elevated. All of these elements are large and from individuals of at least sub-adult age and fully weaned prior to death, as care was taken not to sample juvenile material that could preserve the remnants of a nursing signal. The consumption of substantial quantities of animal proteins by adult cervids is implausible, therefore other causes of δ 15 N variation to explain these elevated values must be considered. Understanding of the multitude of variables which impact on δ 15 N signatures remains far from comprehensive (Sponheimer et al. 2003a (Sponheimer et al. , 2003b and consequently equifinality represents a substantial hurdle to interpretation.
Different forms of physiological stress can cause increases in δ 15 N values, although research demonstrating this link has been on modern individuals and/or on taxa that differ physiologically from fallow deer (e.g. Fuller et al. Katzenberg and Lovell (1999) pathological bone, Hobson et al. (1993) nutritionally stressed birds and Webb et al. (1998) locusts) . This is an attractive theory when considering, at least at Fishbourne, there is evidence of first generation imports to an area with an unfamiliar climate and dietary resources relatively soon after the Roman conquest. It is plausible that the animals may have suffered from nutritional stress through failing to adapt to the new environment, poorly suited management regimes or limited dietary resources, both on the journey and once emparked. However, nutritional stress is still a major cause of cervid mortality even in modern Britain (Stevens, pers. comm.) and is therefore likely to have resulted in death prior to causing a detectable trace in slowly modifying bone collagen.
If these animals are first generation imports, with δ 15 N results indicative of an area with different plant baseline values to the UK, then early Roman dates would be expected from the forthcoming 14 C dating programme. The incorporation of the δ 34 S results from a number of Fishbourne samples offers an alternative explanation as several are elevated in comparison to other individuals at the same site and from across the UK (Table 1 and Fig. 3) . Analysis of δ 34 S values can help to identify marine influences on the diet which result from being managed in close proximity to the coast (Craig et al. 2006 , Privat et al. 2007 , Richards et al. 2001 , 2003 . Although Fishbourne is approximately 6 km from the coast in the modern day, in the Roman period the shore would have been far closer. Seaweed could have been exploited, but this would have also elevated δ 13 C values (Balasse et al. 2005; Mulville et al. 2009 ) and can therefore be discounted. However, even now the remains of the palace are less than 200 metres away from an area of salt marsh. It seems likely that in antiquity the grounds of the palace may have taken in salt marsh areas, as part of a large 'natural garden' to the south of the villa (Fig. 4) . Due to the isotope composition of halophytes (plants which favour saline environments), salt marsh grazing generates high δ 15 N values in bone collagen but has little effect on δ 13 C values (Britton et al. 2008) . Salt marsh grazing on a coastal estuary is also likely to have the same effect as sea spray, incorporating oceanic sulphate (SO 4 ) that elevates δ 34 S in the surrounding sediments and plants and thus the grazing animals. Salt marsh sediments can also have higher δ 34 S values due to microbial activity and inundation of sea water (Böttcher et al. 1998) . Therefore salt marsh grazing provides the most plausible explanation for the outlying δ 15 N results at Fishbourne. To have achieved such elevated δ 15 N values, with one individual having a higher value than any from the study by Britton et al. (2008) It may be that what was considered to be a 'suitable site' at one stage of the occupation of the palace altered either in favour of, or away from salt marsh areas. If this is the case, it should be possible to resolve the chronology of any shifting patterns of deer and landscape management through the forthcoming programme of radiocarbon dating. This study may also elucidate other developing management practices where individuals, over time or through other discriminating factors (age, sex, selective breeding) were managed differently and had access to a different range of resources.
Samples from Minster and the East Kent Access Road also have very high δ 34 S values, in excess of those seen at Fishbourne. This pattern is understandable given the proximity of the Isle of Thanet to the sea, and yet it is not reflected at nearby Monkton, located to the west of the Island. This may be explained by the observation that:
'[The] alga, or sea-weed, frequently cast up in the great quantities under the cliff, is much used by the inhabitants on the north and east sides of Thanet for the purposes of manure.' (Ireland 1828 pp. 453) Although further investigation of these samples with highly variable isotope results is needed.
As noted previously, there appears to be a clear separation in δ
13
C values between Monkton and Fishbourne. All of the samples are well within the range that can be expected from herbivore species feeding in temperate environments and therefore contributions from C 4 plants are not responsible for this division. Samples from other sites included in this discussion, East Kent Access Road and Minster, despite the small sample sizes, do not conform to this separation, with individuals from both sites falling within the two ranges. The British dataset remains small and more results from samples that are currently in process will hopefully elucidate the aetiology of the varied signatures. Monkton samples were analysed at a separate laboratory (ORAU) and are therefore currently being repeated to check for any inter-lab variation.
Conclusion
This paper represents important progress in the stable isotope investigation of the management of the European fallow deer in Roman Britain. It also serves to introduce a modest European dataset on which future studies can draw and discusses some possible interpretations for signatures that will be expanded and refined as the dataset increases in size.
The wide-ranging results indicate that diverse signatures can be expected for the sub-species. At present equifinality represents a barrier to interpretation but some patterns are beginning to emerge. The integration of evidence from landscape archaeology and classical texts as well as metric data has aided in untangling some problems of interpretation in this paper, but the integration of wider lines of enquiry is needed. The majority of the samples at Fishbourne and Monkton are likely to represent breeding populations and therefore offer an example of the C/N isotope values that can be expected from this species in northern Europe. As a result, it may be possible to differentiate body parts imported into northern Europe, from areas with different climates, based on their C/N values. Samples of antler from Fishbourne, and to a lesser extent Monkton, are considered likely to be traded specimens from a warmer climate, possibly the eastern Mediterranean, on these grounds. More samples, currently in process, have the potential to clarify how widespread trade and exchange of antler, perhaps for medicinal purposes, was. Fig. 4 The extent of the Flavian palace at Fishbourne showing the south garden with some of its associated features (after Cunliffe 1998) Interpreting the samples with outlying δ 15 N values is complex and the discussion emphasises the multifarious variables that can be responsible. No single factor can be confidently identified as accounting for all the results but with the integration of the δ 34 S results, salt marsh grazing is considered the most likely explanation for individuals with elevated δ 15 N at Fishbourne. Results are closely comparable to those acquired by Britton et al. (2008) from the salt marsh environment of Brean Down in the Severn Estuary. Also salt marsh was in close proximity during the Roman period and it is likely that Fishbourne's southern garden-an area now presumed to represent a park-encompassed the salt marsh to the south of the palace. A comprehensive programme of 14 C dating has the potential to elucidate whether chronological shifts in management practices occurred. These interpretations will be refined with the integration of results from further isotope analyses, as well as the on-going genetics research and other lines of enquiry, including morphometrics, porosimetry and/or histological analysis to investigate the health of the animals. Sources of anthropological data also have the potential to provide a fruitful line of evidence.
